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A fiber laser is stabilized using a Calcium Fluoride (CaF2) whispering-gallery-mode resonator.
It is set up using a semiconductor optical amplifier as a gain medium. The resonator is critically
coupled through prisms, and used as a filtering element to suppress the laser linewidth. Using
the self-heterodyne beat technique the linewidth is determined to be 13 kHz. This implies an
enhancement factor of 103 with respect to the passive cavity linewidth. The three-cornered hat
method shows a stability of 10−11 after 10 µs.
Whispering-gallery-mode (WGM) resonators have be-
come popular in optics due to their compact sizes
and their high quality (Q) factors[1]. Typical res-
onators include molten microspheres[2], on-chip disks
and torroids[3], and crystalline disks[4]. The highest
Q factors around 1010 have been demonstrated in CaF2
crystalline disks.
Due to their high Q factors, WGM resonators can act
as very precise filters[5]. Sharp resonances can be filtered
out by a resonator, or, as in this experiment, a narrow fre-
quency selective element can be created by transmitting
through a resonator. Before reaching the fundamental
thermal sensitivity limit[6], the stability of a reference
cavity is mainly determined by its vibration.
∆ν
ν0
=
∆l
L
=
ρ ·∆g · L
Y
, (1)
where ∆ν is the laser linewidth, ν0 is the central fre-
quency, ∆l is the length change due to vibration, L is
the total length, ρ is the density, ∆g is the vibration
acceleration, and Y is Young’s modulus. From Eq.1 we
can see that WGM resonators are excellent choices for
frequency standards due to their small size.
Doped WGM resonators have been used in the past to
lase directly, including rare-earth doped glass spheres[7],
and droplets with dye or quantum dots[8]. In these tech-
niques the Q factor is inherently limited due to absorp-
tion. Passive WGM resonators have been used in the
past to stabilize lasers, although these often require ad-
ditional frequency selective elements such as fiber Bragg
gratings[9, 10].
In this Letter, we report the observation and mea-
surement of narrow-linewidth lasing from a semiconduc-
tor optical amplifier (SOA) fiber laser, stabilized using
a CaF2 resonator. The broad emission from the SOA is
evanescently coupled into a CaF2 disk using a prism, and
out on the other side using another prism. Previous ex-
periments have used tapered fibers, angle-polished fibers,
and microspheres[9–11]. In this case CaF2 disks were
chosen due to their higher Q factor, and prism coupling
was used due to the setup rigidity. In each roundtrip,
only sharp modes can transmit through the resonator and
thus achieve gain. The resulting narrow linewidth emis-
sion is studied using the three-cornered-hat measurement
technique[12], as well as a self-heterodyne measurement
using a 45 km delay line[13].
The CaF2 resonator was turned and polished on a
homemade machine to a diameter of about 5 mm. This
results in a free spectral range of about 15 GHz at
1550 nm. The resulting passive linewidth is measured
to be 15 MHz, which corresponds to a Q factor of 107.
Further investigations into higher Q factor resonators
are planned. A graded refractive index (GRIN) lens fo-
cuses the spontaneous emission from the SOA (Thorlabs
S9FC1004P) onto the back of a prism (SFL11 glass),
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FIG. 1. (Color online) (a) Stabilized laser setup. Gain from
a semiconductor optical amplifier (SOA) passes through po-
larization control (PC) and is coupled through a CaF2 disc,
using two prisms and graded refractive index (GRIN) lenses.
1% of the 1550 nm emission is coupled out, and backwards
lasing is prevented by an isolator. (b) Schematic of the fre-
quency mixing for the three-cornered-hat measurement.
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FIG. 2. (Color online) Allan deviations of simultaneous beat
signals between a Toptica DL Pro, a home-built grating-
stabilized diode laser (MP 100), and the CaF2 disc stabilized
laser. A common 1.5 kHz harmonic due to vibration is re-
moved from the beats with the MP 100. Inset, frequencies of
the beats as a function of time (10 ms). MP 100 and CaF2,
DL Pro and CaF2, then DL Pro and MP 100 from top to
bottom.
which is at critical coupling distance from the disk. The
same method is used on the other side of the prism to
collect the transmitted mode, as shown in Fig. 1(a). The
CaF2 disk is mounted on a thermoelectric cooling ele-
ment to control the temperature. Polarization control
is used to optimize the polarization mode going into the
resonator, as well as into the SOA for maximum gain. An
isolator prevents a backwards propagating mode, and a
fiber coupler emits 1% of the lasing around 1560 nm.
Single-mode lasing is achieved by carefully adjusting the
coupling on each side of the resonator. Other gain ma-
terials which run single-mode in standard telecom fiber
can be used in this setup. The SOA has an emission peak
around 1560 nm, therefore a mode around this wave-
length is selected automatically through mode competi-
tion in the laser. An Erbium-doped fiber pumped by a
980 nm laser can also be used instead of the SOA, result-
ing in single-mode lasing around 1530 nm without further
re-adjustment.
Common methods to determine linewidths are hetero-
dyne beating with a reference laser with similar stabil-
ity, self-heterodyne beating using a delay line, and the
three-cornered-hat method. The linewidth of the ref-
erence laser (Toptica DL Pro, 100 kHz) is larger than
the linewidth of the CaF2 stabilized laser, so the hetero-
dyne beat technique is insufficient. The three-cornered-
hat method has been used to determine absolute pre-
cision of frequency standards in the microwave domain
such as Cesium or Hydrogen clocks[12]. More recently,
experiments have been done in the optical regime to de-
termine the absolute performance of narrow linewidth
lasers[14, 15]. In this case, three lasers are used in the
comparison: the CaF2 disk stabilized laser, a Toptica
DL Pro diode laser at 1550 nm, and a homebuilt grating
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FIG. 3. (Color online) Allan deviations of the three individual
lasers, calculated using the three-cornered-hat method.
stabilized diode laser in the Littrow configuration (MP
100). Outputs from the lasers are beat with each other as
shown in Fig. 1(b). The beat notes around 5 to 10 MHz
are recorded simultaneously on three detectors at a speed
of 100 MSamples/s. Up to 10 ms of data are recorded and
frequencies are calculated from 1 µs segments, as shown
in the inset of Fig. 2. The Allan deviation, a commonly
quoted value for the stability of a frequency standard[16],
is calculated for each beat. The Allan deviation of the
MP 100 and CaF2 stabilized laser beat notes, and of the
DL Pro and MP 100 beat notes are around an order of
magnitude worse that of the DL Pro and the CaF2 laser
beat notes. This implies that the MP 100 has a larger
linewidth than that of the DL Pro and the CaF2 laser.
The Allan variance of a beat note is given by σ2ab =
σ2a + σ
2
b , where σ
2
a and σ
2
b are the Allan variations of
lasers a and b respectively. The same is true for the other
two combined beats. By rearranging these formulas one
finds the following to be true for the Allan variance of an
individual frequency standard[12].
σ2a =
1
2
· (σ2ab + σ2ac − σ2bc). (2)
Similar equations can be found for σ2b and σ
2
c . The
resulting Allan deviations for the lasers can be seen in
Fig. 3. The CaF2 resonator initially has the best perfor-
mance, and is comparable to the performance of the DL
Pro at longer averaging times. The MP 100 is clearly the
worst of the three lasers. The stability of the CaF2 disk
stabilized laser reaches approximately 10−11 after 10 µs,
implying a fast linewidth of 2 kHz.
In order to verify these results, the self-heterodyne
technique is employed. It is commonly used to determine
narrow linewidths by splitting the laser signal using an
acousto-optic modulator (AOM). One part, in this case
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FIG. 4. (Color online) Self-heterodyne technique measure-
ments. Beats are at the AOM frequency of 100 MHz. Record-
ing spans of the MP 100, DL Pro, and CaF2 stabilized laser
are 5 MHz, 1 MHz, and 100 kHz respectively. 3 dB linewidths
are 550 kHz, and 60 kHz, and 18 kHz. The delay is 45 km.
Amplitudes are scaled for visibility, and the 3 dB widths are
indicated by arrows.
offset by 100 MHz by the AOM, is sent through a 45 km
delay line of fiber. Then it is recombined with the other
part in a fiber coupler and the signal is detected on a fast
photodiode (MenloSystems FPD510) and recorded using
a spectrum analyzer. The delay length should be at least
six times longer than the coherence length of the laser for
a valid uncorrelated beat[17]. In a 10 kHz laser this cor-
responds to 36 km of fiber. To be sure 45 km of fiber are
used. The signal to noise ratio is quite low, so 70 aver-
ages are used in the final result. For the CaF2 resonator
the span is 100 kHz, the resolution bandwidth is 1 kHz,
and the sweep time is 100 ms. The span is set to 1 MHz
for the DL Pro, and 5 MHz for the even wider grating
stabilized diode laser. The results are shown in Fig. 4.
The 3 dB width of the grating stabilized laser is 550 kHz,
and 60 kHz for the DL Pro. The WGM resonator sta-
bilized laser has a self-heterodyne linewidth of 18 kHz.
To calculate the separate linewidth one needs to divide
by
√
2 for a Gaussian spectrum, and 2 for a Lorentzian
spectrum[17]. This implies that the upper limits for the
laser linewidths are 390 kHz for the MP 100, 43 kHz for
the DL Pro, and 13 kHz for the WGM stabilized laser.
This corresponds to an enhancement factor of about 103
from the original resonance width of 15 MHz for the CaF2
disk. The result is an order of magnitude better than our
previous linewidth[11].
In conclusion, a passive fiber laser stabilization setup
was presented. The high Q modes of a WGM resonator
act as a filter, thus only allowing specific modes to achieve
gain. Single-mode lasing can be induced using a gain ma-
terial with a peak around 1550 nm, without the need of
an additional frequency selective element. The linewidth
was measured to be around 13 kHz using a CaF2 res-
onator with a Q factor of just 107. This implies an en-
hancement factor of over 103, and is an order of mag-
nitude better than previous experiments have shown.
WGM resonators are an excellent candidate with their
compact sizes and high Q factors for passive laser stabi-
lization, as well as frequency references and metrology.
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